As a model protein with quite large dimensions, Bovine Serum Albumin (BSA) has been used to evaluate the influence of the distinct pore structural characteristics of three mesocellular foam (MCF) materials prepared with or without the addition of ammonium fluoride and with varying 1,3,5-trimethylbenzene/Pluronic P123 (TMB/P123) ratios. SBA-15 was also studied for comparative purposes. Characterisation by X-ray diffraction and electron microscopy confirmed the characteristic spheroid cell structure of the MCF pores. Nitrogen adsorption/desorption isotherms at 77 K revealed the different pore structural parameters of the MCF, viz. pore volume (1.8-2.4 cm 3 /g), cell size (24.6-28.5 nm) and window size (11.3-17.3 nm), as obtained by the NLDFT method. The equilibrium adsorption isotherms and the kinetic adsorption data for BSA at 298 K and pH 5 were well fitted by the Langmuir model and pseudo-second-order kinetic model, respectively.
INTRODUCTION
Ordered mesoporous materials (OMM), whose properties were firstly disclosed for the wellknown MCM-41, are a field of intensive active research due to their high potential in a very broad range of applications. Several attractive features, such as high surface areas, large mesopore volumes, well-defined pore-size distributions and particularly the possibility of tuning the geometry and pore size to a target dimension, make them ideal for hosting molecules of various sizes, shapes and molecular weight (Kresge et al. 1992) . Amongst the numerous types of OMM currently being developed, those with wider mesopores which are able to accommodate large biomolecules have potential applications in domains such as catalysis, separation, biosensors and drug-delivery systems, and are receiving great attention in materials science (Hartmann 2005) .
In this context, the adsorption of proteins onto different types of materials is currently a very active field of research (Vinu et al. 2004; Song et al. 2005; Brady et al. 2008; Manzano et al. 2008; Baker et al. 2008; Hao et al. 2010; Zhao et al. 2010) . The present work contributes to this field through the study of the adsorption of BSA (Bovine Serum Albumin) on MCF (mesocellular foam or meso-structured cellular foam) materials.
BSA is a large globular protein (66.4 kDa) widely used in many studies as a model protein due to its numerous applications in biomedical sciences and its interest as a model for HSA (Human Serum Albumin) . Mesocellular foams (MCFs) are very interesting new OMM materials since they consist of close-packed spherical cells accessible by pore entrances (windows) whose diameters can be tuned (up to 90 and 35 nm, respectively, for cell and window diameters), thereby achieving open and accessible structures with high pore volumes (0.9-3.2 cm 3 /g) (Schmidt-Winkel et al. 1999 , 2000 Lukens et al. 2001) . These features can result in important applications, such as in haemorrhage control by the ability to immobilise thrombin and reduce clotting times (Baker et al. 2008) .
However, studies of proteins in MCF have received much less attention than those in other more common materials such as MCM-41 and SBA-15. In previous work (Sezões et al. 2010) , we presented a comparative study of lysozyme and BSA adsorption onto MCM-41, SBA-15 and an MCF from whose pores BSA was excluded although the uptake of lysozyme was considerable, thereby revealing the potential of these materials for the separation of such proteins. This work has now been extended to other MCFs with different pore-structure characteristics. Although the influence of the pore size of SBA-15 on the adsorption of BSA has been studied (Katiyar et al. 2005; Nguyen et al. 2008; Diao et al. 2010) , to our knowledge no quantitative study of BSA adsorption by MCF materials of different pore sizes has yet been reported.
EXPERIMENTAL

Materials preparation
The MCF silica materials were synthesised according to the procedure developed by Schmidt-Winkel et al. (1999 , 2000 using mass ratios of 1,3,5-trimethylbenzene (TMB)/Pluronic P123 (P123) of 2 or 0.35, with or without the addition of ammonium fluoride. The samples are designated below as MCF (2.0), MCF (2.0)-AF and MCF (0.35)-AF, respectively, according to the TMB/P123 ratio used, with the designation "AF" indicating that ammonium fluoride was also added in the synthesis. Generally, 4 g of P123 (Aldrich) was mixed with 150 mᐉ of 1.6 M HCl and maintained at ambient temperature under stirring until complete dissolution had been effected. After adding 1.6 or 9.3 mᐉ of TMB (98%, Aldrich) and 46 mg of NH 4 F (if appropriate), the mixture was heated to 310 K under stirring for 1 h, following which 9.2 mᐉ of TEOS (≥ 98%, Fluka) was added and the mixture maintained under stirring for a further 20 h. The resulting mixture was then transferred to a Teflon-lined autoclave and aged at 373 K for 24 h. The resulting white precipitate was separated by filtration, washed with distilled water and dried at ambient temperature for at least 2 d. The dry solid was calcined in air in a muffle furnace for 8 h up to 773 K using a heating rate of 3 K/min.
As a comparison and an aid to interpreting the results, an SBA-15 sample was also synthesized employing the procedure developed by Zhao et al. (1998) . The conditions were similar to those for the preparation of the MCF samples but without the addition of TMB or NH 4 F, and the mixture was aged at 373 K for 48 h. After being separated by filtration, washed and dried at 343 K, the solid was calcined in a muffle furnace in air for 6 h up to 773 K using a heating rate of 1 K/min.
Characterisation of materials
The samples were characterised by X-ray diffraction (XRD) methods, transmission electron microscopy (TEM) and the measurement of nitrogen adsorption/desorption isotherms at 77 K. XRD measurements were carried out on a Bruker AXS-D8 Advance powder diffractometer in θ-θ geometry, using Cu Kα radiation (40 kV, 30 mA) with a step size of 0.01º (2θ) and 5 s per step. TEM measurements were carried out on a Hitachi H-8100 electron microscope with an accelerating voltage of 200 kV. The nitrogen adsorption/desorption isotherms at 77 K were determined on a CE Instruments Sorptomatic 1990 instrument, using helium (for dead space calibration) and nitrogen of 99.999% purity. Prior to the adsorption measurements, all the samples were outgassed for 8 h at 453 K. The total specific surface areas were calculated by the Brunauer-Emmett-Teller (BET) method, while the external specific surface areas and the specific pore volumes were obtained via the α S -method, using standard data for nitrogen adsorption on a non-porous partially hydroxylated silica to construct the α S -plots (Rouquérol et al. 1999) . Mesopore diameters were obtained from the maximum of the pore-size distributions (PSD) calculated by the NLDFT method, using QuadraWin TM software from Quantachrome.
BSA adsorption and desorption tests
The liquid-phase adsorption studies of BSA were carried out in batches by contacting the materials with BSA solutions of different concentrations in 25 mM acetate buffer solution at a pH value of 5. Typically, 5 mᐉ of the BSA solution was added to 25 mg of mesoporous silica in an Erlenmeyer flask, which was then immersed in a thermostat bath at 298 K and continuously shaken for different time intervals until equilibrium had been attained (kinetic studies) or after equilibration for 48 h (adsorption isotherms). The supernatant solution was separated by decantation, then centrifuged and, subsequently, filtered to avoid eventual interference from any residual suspended solid particles. The amounts of protein adsorbed were determined by monitoring the changes in its concentration in the supernatant solutions by UV spectrophotometry, employing a Hitachi U-3010 spectrophotometer at a wavelength of 279 nm. When necessary, the solution was diluted so that its concentration was in the range of the calibration data (up to 2.5 g/ᐉ), which were determined under the same conditions.
In the desorption tests, several 50 mg batches of mesoporous material were contacted for 48 h with 10 mᐉ of a 5 g/ᐉ BSA solution at a pH value of 5, employing the same conditions as described above. The loaded materials were then separated from the solution and dried at ambient temperature in a desiccator. In a series of experiments, 10 mᐉ of 25 mM phosphate buffer solution at a pH value of 7 was added to 50 mg of a given material loaded with BSA and the resulting mixtures shaken at 298 K for different time intervals. The amount desorbed into the supernatant was determined by the method mentioned above. Another set of experiments was undertaken sequentially employing 50 mg of a given material loaded with BSA in a disk form. The disk was contacted with 10 mᐉ of the buffer solution at pH 7 and, after a known time interval, an aliquot of the supernatant was withdrawn to measure the amount of BSA desorbed and immediately replaced by the same volume of the buffer solution at pH 7. In the calculations for the desorption of BSA (see below), account was taken of the amount of BSA present in the total 50 mg of loaded material and, in the sequential essays with the disk, of the cumulative desorption including the amount removed in the aliquots.
RESULTS AND DISCUSSION
Pore structure characteristics of the adsorbents
The XRD patterns of the MCF materials shown in Figure 1 present well-resolved peak(s) at very low angles, indicating the regularity of the wide mesopores in the materials concerned. Nevertheless, notable differences may be observed amongst the samples, with those prepared with the addition of ammonium fluoride exhibiting three well-defined peaks indicative of a higher degree of regularity in comparison to MCF (2.0), which was prepared without ammonium fluoride addition. In contrast, it will be seen from the figure that the XRD pattern of SBA-15 exhibited five diffraction peaks which may be indexed to the reflections of a two-dimensional hexagonal lattice of p6mm symmetry corresponding to a highly ordered hexagonal array of mesopores.
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F. Sezões et al./Adsorption Science & Technology Vol. 28 No. 8/9 2010 The representative TEM images of the materials shown overleaf in Figure 2 are consistent with the XRD results, and clearly reveal the distinctive features of the mesocellular foams relative to SBA-15. In this case, the TEM images confirm the well-ordered hexagonal arrangement of highly uniform channels, while the spheroid shape of the wider cells is visible for the MCF samples. It should be mentioned that, in several images taken from different directions, no channels were detected in any of the MCF samples. Despite the generally similar cell aspect of the MCFs, it may be inferred from the TEM images that MCF (2.0) had a broader cell size distribution with a less regular shape, while the samples prepared with NH 4 F appeared to be more regular. In addition, a slightly wider cell size for MCF (2.0)-AF than for MCF (0.35)-AF was also apparent.
It can be seen from Figure 3 that all the samples presented nitrogen adsorption/desorption isotherms of Type IV in the BDDT classification with capillary condensation steps over a very narrow range of relative pressures -indicating the high uniformity of the mesopore size -and that all presented hysteresis loops. The high relative pressures at which the adsorption steps occurred for the mesocellular foams were not very different for the different mesocellular materials and could be related to condensation in the large cells, which were much larger than the diameter of the channels in SBA-15. The desorption branches of the hysteresis loops present in the MCF isotherms correspond to pore-blocking determined by the size of the windows. The relative pressures at which desorption occurred differed for the three MCF samples, thereby indicating that the samples differed in window size -a feature that was not possible to observe via TEM analyses. The pore-structure characteristics inferred from the analysis of the nitrogen adsorption/desorption isotherms are summarised in Table 1 . It is evident that all the materials presented high total surface areas and pore volumes, while the external surface areas were comparatively quite small and similar amongst the samples indicating that, in all cases, most of the surface area corresponded to the internal surface of the pores. The larger pore volumes of the MCF materials compared with that for SBA-15 are consistent with the larger diameter of the spheroid cells estimated from the adsorption branch. It can be seen that, despite the differences in the mesopore volumes of the three MCF samples, their total surface areas were not very different, which is consistent with the existence of open windows. In particular, on comparing the two samples prepared with NH 4 F, the wider cell size of MCF (2.0)-AF provides an explanation for the higher pore volume of the material. However, the surface area was similar to that of MCF (0.35)-AF, because the larger window size in the former led to a loss in surface area of the cells available for surface coverage.
It is interesting to note the reasonably uniform size cell indicated by the steep condensation step in the adsorption/desorption isotherm for MCF (2.0), a feature which was not apparent from the TEM observations. However, a possible explanation is that some of the smaller cells visible by TEM may have been closed. In fact, it has been proposed that windows interconnecting cells may form at regions where the neighbouring composite droplets touch each other, and that the 782 F. Sezões et al./Adsorption Science & Technology Vol. 28 No. 8/9 2010 enlarged droplet size with smaller droplet curvatures could lead to an increase in the window size (Schmidt-Winkel et al. 2000) . In this regard, smaller droplet sizes could lead to smaller window sizes, which would eventually close. It may also be observed from Figure 3 that the desorption step for MCF (2.0) extended to relative pressures which were lower than those for the other materials studied, thereby suggesting a broad window-size distribution. In contrast, the welldefined and steep desorption branch occurring at higher relative pressures for the samples prepared with NH 4 F may be related to a more uniform and larger window size, with MCF (2.0)-AF having the widest windows. Moreover, it should be mentioned that the synthesis of the two samples prepared in the presence of NH 4 F was found to be quite reproducible, which was not the case with MCF (2.0). For example, samples produced using the same conditions as for MCF (2.0) in this present study exhibited window sizes of ca. 9.4 nm and 12.9 nm, respectively (Sezões et al. 2010) .
BSA adsorption and desorption studies
The experimental equilibrium adsorption isotherms measured at 298 K and a pH value of 5 for BSA onto the three mesocellular foam samples and onto SBA-15 are presented overleaf in Figure 4 . These show notable differences in the capacities of the materials to adsorb this large protein. It will be seen that the adsorption isotherms for samples MCF (2.0)-AF and MCF (0.35)-AF were of the same type, with equilibrium uptakes which were much higher than those obtained on SBA-15 and MCF (2.0), despite the very high pore volumes and surface areas of the latter samples.
Considering that the adsorption of BSA was studied under favourable pH conditions, i.e. close to the isoelectric point [pH(I) ~ 4.7] of BSA, so that the protein consequently possessed virtually no net charge, the comparatively low results obtained with SBA-15 and MCF (2.0) must be related to the limited accessibility to the internal pore structures of these materials -despite the wide cell pores in the latter -which is controlled by the narrow pore diameter of SBA-15 pores and the limited width of the windows in MCF (2.0). BSA has a globular heart-shaped structure of 5.0 × 7.0 × 7.0 nm 3 dimensions but can also assume a prolate-ellipsoid shape of 4.0 × 4.0 × 14.0 nm 3 dimensions (Hartmann 2005; Katyiar et al. 2005) . Taking into account that the diameter of the SBA-15 channels and the width of the windows of MCF (2.0) were greater than the minimum dimensions of the protein molecule, the low uptakes exhibited by these materials indicates that access to the pore structure was mostly determined by the maximum dimension of the A BET = total specific surface area obtained by the BET method; A ext and V p = external specific surface area and total specific pore volume (in terms of the equivalent liquid volume) obtained by the α S -method; D p = mesopore or cell diameter corresponding to the maximum PSD calculated from the adsorption branch using the NLDFT method; D w = diameter of windows estimated, using NLDFT, from the desorption branch.
prolate-ellipsoid shape of BSA. In fact, the considerable enhancement in adsorption observed when the window size was increased from 11.3 nm in this study, and 12.9 nm in our previous study (Sezões et al. 2010) , to 13.9 nm for MCF (0.35)-AF is remarkable. This is very close to the maximum dimensions of BSA, revealing the versatility of these mesocellular foams in possessing finely tuned pore entrances and, consequently, their potential as molecular sieves. The Langmuir model gave a good fit of the experimental equilibrium isotherms, as seen by the solid lines represented in Figure 4 . The resulting parameters presented in Table 2 allow a better understanding of the important role of the structural characteristics in this type of system. The fact that the adsorption capacity of MCF (2.0)-AF was higher than that of MCF (0.35)-AF cannot be explained by their respective total and external surface areas, as these were similar for the two samples. However, it is interesting to note that the Q mL ratio was close to the ratio of the respective pore volumes, confirming that BSA had entered the pore structure and suggesting that the maximum adsorption capacity was determined by the pore volume available for accommodating the protein.
The higher values of the Langmuir constant, K L , for these two samples presented in Table 2 may therefore be a result of the protein being confined in the cells, while in MCF (2.0) it was mostly restricted to adsorption on the external surface.
Although the amounts of BSA adsorbed onto MCF (2.0) were lower than in the other MCF materials, they were still slightly superior to those for SBA-15. This result is similar to that found in our previous study with these types of materials but presenting slightly different pore structure characteristics, which suggests that BSA was not completely excluded from the cells. This may also be inferred from the kinetic results presented in Figure 5 for the three mesocellular foam materials at an initial BSA concentration of 2.5 g/ᐉ. The experimental kinetic data, plotted as Q(t) versus t, was fitted using the pseudo-second-order kinetic model (Ho and McKay 1999), viz.: where k 2 is the pseudo-second-order rate constant, Q e is the amount of BSA adsorbed at equilibrium while Q t is the amount adsorbed at a time t. This equation fitted the experimental data well over the whole time range for the MCF (2.0)-AF and MCF (0.35)-AF samples, as was also found for the other initial concentrations tested. However, in the case of MCF (2.0), a good fitting was only found for data points up to 12 h, with a slight increase in the amount adsorbed at longer times. This behaviour suggests that BSA was rapidly adsorbed onto the external surface in the prolate-ellipsoid shape, thereby blocking the pore entrances. However, when the conformational adaptability of the BSA molecule (a "soft protein") (Kopac et al. 2008 ) is taken into account, together with the fact that its heart-shaped dimensions were inferior to the size of the windows in MCF (2.0), it is possible that BSA slowly accessed the interior of some cells, although only to a t Q k Q Q t t e e = + 1 1 2 2 limited extent. In contrast, the amount adsorbed in the first hour by the MCF (0.35)-AF and MCF (2.0)-AF samples was considerable greater than that on the MCF (2.0) sample with a similar external surface area, indicating that BSA rapidly accessed the cells of the two former samples. For MCF (0.35)-AF and MCF (2.0)-AF, this initial adsorption corresponded to ca. 63% and 76%, respectively, of the maximum equilibrium adsorption concentration (~ 0.35 g/ᐉ and 0.2 g/ᐉ), revealing the favourable role played by increasing the window size. The process was slower for longer times in agreement with the low k 2 values, which may be related to the diffusion of BSA to the interior of the structure through the windows of interconnected cells. The data arising from desorption studies carried out at pH 7 on materials loaded with an amount corresponding to the plateaux of the isotherms are presented in Figure 6 , and confirm the previously discussed comparative access of BSA. As this pH was higher than the pH(I) of BSA, the protein possessed a net negative charge and, hence, electrostatic repulsion between the protein molecules themselves and between the protein molecules and silica [pH(I) ~ 2], both with net negative charges, was unfavourable towards the adsorption of BSA. Nevertheless, total desorption was not achieved for any of the samples tested, although desorption occurred to a higher extent on the material with the smaller window size. This is consistent with BSA being mostly adsorbed on the external surface and therefore more easily desorbed. Nevertheless, a small amount was still immobilised in the material, which may be attributed to some BSA molecules being trapped in some of the cells as previously inferred from the kinetic data and adsorption isotherms measured at pH 5. It is evident from Figure 6 that most of the protein remained inside the pore structure of MCF (2.0)-AF, with the amount immobilised being, in absolute terms, considerably superior to that in the MCF (2.0) sample. Despite the wide cell size of MCF (2.0)-AF which should, in principle, favour desorption of BSA, the molecule remained strongly retained in the greater part of the pore volume even after 72 h. Furthermore, when the adsorbent materials were used in the form of compacted disks, desorption was considerably reduced and steadily increased over a period of 72 h. These preliminary results illustrate the high potential of the MCF materials studied for immobilising large proteins and for their use as controlled delivery systems.
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CONCLUSIONS
This work describes the adsorption of Bovine Serum Albumin (BSA) from buffered solutions at pH 5 onto three MCF materials. The results obtained have been compared with those from similar studies employing an SBA-15 sample whose pore size restricted the adsorption virtually to the external surface.
The results showed that access of the BSA molecule to the porous cell structure was determined by the size of the windows in the structure; the critical dimension for the latter was found to be 13.9 nm, which is close to the maximum dimension of the ellipsoid-prolate shape of BSA. Adsorption onto the material that possessed windows of 11.3 nm dimensions was mostly restricted to the external surface, with only a small amount of BSA accessing the interior of the cells, despite the high volume and surface area, and the fact that the cell size was the largest. Adsorption onto materials with windows of 13.9 nm and 17.3 nm dimensions was quite significant, with maximum adsorption capacities being attained that could be related to the pore volume available for accommodating the protein molecule rather than the total surface area. The molecules thus confined were strongly immobilised in the cells, since only a small proportion of BSA was desorbed from the material with windows of 17.3 nm upon contact with a buffer solution at pH 7.
The results presented in this work illustrate that mesocellular foams are versatile and attractive materials for immobilising large biomolecules and controlling drug delivery, due to the possibility of fine tuning their pore-structure characteristics.
